Introduction
The tuyere raceway in the blast furnace is the major region where generates heat quantity and primary coal gas for the ironmaking process.
1) The mass flow of pulverized coal injection (PCI) and the cokes inside the raceway play a very important role in the raceway working process. Accurate monitoring and characterization of them can provide significant guidance for the blast furnace operation. In traditional operation, operators observe the raceway from the peephole with their eyes and judge its working condition by experience. With the development of the camera detection techniques, visualization of the raceway have received considerable attention. A number of specific applications have been developed for the raceway. Zhang et al. 2) investigated
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the temperature distribution of the raceway using CCD cameras and digital image processing techniques. Birk et al. 3) presented an image-based system to monitor and control PCI of the blast furnace. Gao et al. 4) introduced the tuyere monitoring system using thermal cameras. Qin 5) studied detection methods for the blast furnace and established the automatic PCI monitoring system.
In practice, except the pulverized coal cloud, some particles can be obviously observed from the raceway images as shown in Fig. 1 . Existing monitoring systems for the raceway mainly focuses on the mass flow of PCI and neglect these particles. The detection results of PCI can also be effected by the particles and exist errors. Moreover, general methods using the static background template for the raceway images cannot deal with the possible move of the cam- era on the site of production. Once the visual angle changes, the detection results will be totally inaccurate. The particles that may exist in the raceway are cokes, cold iron ores, and droplets of iron and slags. They cannot be directly identified from the images. We can only judge what they are by obtaining the size distribution of the particles in the image. To solve these problems, the image-based intelligent detection method that can simultaneously extract the features of mass flow of PCI and particles is presented in this paper. Circle and line detection based on Hough transform 6) is first applied to obtain the background template intelligently. Second, the Gaussian high-pass filtering, Niblack algorithm, and opening operation are merged to obtain the regions of pulverized coal and particle, respectively. 7, 8) Then a coal feature calculated by the linear weighted method is used to characterize the mass flow of PCI. The support vector machine (SVM) 9, 10) model and the width of the minimum enclosing rectangle (MER) 11) are finally used to obtain the size distribution of particles and determine what these particles are composed of. Extensive industrial experiments have been conducted on a 2 500 m 3 blast furnace. 15 of 30 raceways were detected through an interval sampling way. Massive raceway images were captured to evaluate the detection method. The results demonstrate that the method is sensitive to the working condition of PCI and can obtain accurate size distribution of particles in the raceway image.
System Description
Industrial experiments were conducted using the optical system shown in the Fig. 2 . The system consists of an optical lens, a high-resolution RGB camera using Sony ICX445 CCD, a data line, and a PC-based digital image processing unit. An air-cooled box is used to protect the optical lens and RGB CCD camera from high heat of the blast furnace and keep the optical lens dust-free. The CCD camera captures image signals from visible spectral band (380-780 nm) and transmitted them into the PC in the form of 8-bit digital images. The image processing methods are then used to extracted features of the PCI and particles.
As shown in Fig. 3 , a raceway image is composed of three parts that are pulverized coal cloud, raceway, and background consisting of the inner wall and coal lance. In this work, the target is to obtain the pulverized coal cloud and particles in the images. That is to say, we need to eliminate the luminous flame region of the raceway, wall and the coal lance. Due to the harsh environment caused by disturbances from the pulverized coal, drop particles and flickering flame, it is difficult to capture raceway images with legible details. Moreover, noise may appear with the transmission and conversion of the signals. As a result, the specific methods are necessary image to process the captured images.
Raceway Image Segmentation

Image Filtering
The purpose of the image filtering is to eliminate the noise in the raceway image and reserve the details of the edge. In fact, the signal-to-noise ratio (SNR) of the captured images is relatively high. Hence, the median filtering which is different from general filters with low-pass characteristics is used to remove the impulsive noise which possibly exists in the image. First, the RGB raceway images are converted into gray images by the following equation which is based on human visual system: where H represents gray-levels of pixels on the converted gray image. R, G, and B represent gray-levels of the red, green and blue component of pixels on the color images, respectively. This conversion is only depend on the visual perception of human eyes and not related to the information in the raceway image like the coal injection rate. Then the median filtering is applied through replacing the gray-level of each pixel with the median of a 3 × 3 template whose central pixel is itself. The performance of several different filters 12, 13) are compared in Fig. 4 . We can find that the median filtering can both remove more noise in the original image than the average filtering and keep the edges clearer than the Gaussian filtering.
Background Template
The pulverized coal cloud and particles are found usually connected to the lance and wall while general binarization and edge detection methods are applied. Hence the background consisting of lance and wall of the blowpipe should first be eliminated before the luminous flame region. The scene of lance and wall is static. The raceway edge in the image is actually the cross section of the front-end of the tuyere. If the angle of view of the camera is aligned with the center of the blowpipe, the cross section should keep the round shape and have the same radius even though the tuyere angle changes. According to these features of the raceway images, a background template can be constructed as shown in Fig. 5 . Due to the possible move of the camera on the site of production, the visual angle may change. The pre-designed background template will be no longer applicable. To construct the background template automatically, the intelligent circle and line detection based on Hough transform 6) is employed to find the outline of the wall and the lance, respectively.
The basic idea of the Hough transform is to transform the original image into the parameter space and find the optimal parameter which most edge points can be applicable to. Through accumulating the number of each the possible parameter, the optimal parameter is just the corresponding peak. Take where (x j , y j ), j = 1, 2,..., m i represent all the edge points on this circle and m i is the number of these points. Through detecting m i of each possible circle, we can consequently find the optimal circle which has most edge points. Compared with the least square fitting, the biggest advantage of Hough transform is that it is insensitive to the noise of edge points. But accumulation of the three dimensional parameter space usually needs large computer memory and time. In practice, we optimized the detection algorithm by approximately estimating the range of the center and the radius of the circle. The way is to set a very low threshold first and find the maximum horizontal and vertical ranges of the raceway as large as possible. Then the possible range of the center and the radius can be obtained. Before Hough transform, edge detection should first be applied to obtain the accurate and intact outline of the raceway. In this work, the Canny operator 5) which can be adjusted according to different specific requirements and recognize various edge characteristics is employed. The edge detection results are shown in Fig. 6 .
Due to the disturbances from the pulverized coal and drop particles, results of the direct application of the Canny operator cannot reflect the clear outline of the raceway and have many excess edges. These excess edges will complicate the circle and line detection and make the fitting circle inaccurate. To obtain more accurate edges of the raceway, image enhancement and binarization are tested to optimize the edge detection, respectively. The image enhancement is realized by the linear stretch of the range of the gray-level of the raceway image. A stretch window is used to transform the original image to the enhanced image. W b and W t are the bottom and top of the window. The transformation is expressed by the following equation:
where H(x, y) represents the gray-level of the pixel on the original image; H′(x, y) represents the gray-level of the pixel on the enhanced image; In this work, we set a low W t to make the raceway brighter and enhance contrast between the raceway and background. Hence the outline of the raceway will be more obvious. Through analysis of the gray-level histogram, we find that the pixels inside the raceway are usually less than 20% of the total pixels in the image. When we choose the gray-level that 20% of the total pixels are higher than as the value of W t , the performance of the edge detection is optimal after repeated trials. The binarization algorithm used here is to set a global threshold to distinguish the wall and lance which has the lowest gray-level from other parts. Then we can get the intact edge of the binary image. The results of the edge detection and circle detection optimized by the two ways are shown in Table 1 .
The detected edges of the two ways both show good performance. But though edges obtained are continuous, the binarization algorithm neglects the gradual changes near the boundary. Hence, the shape of the edges is distorted to some degree due to the nonuniform distribution of light. The detected circles using image enhancement are more accurate. The line detection is also applied to locate the lance. The detection results of the circle and line are shown in Fig. 7 .
Line detection in this work is mainly to find the straight lines on which the two boundaries are contained. The start points of the boundaries are intersections of the straight lines and the detected circle. The end points are obtained by the images whose quantity of pulverized coal injection (PCI) is very little. The final outline of the raceway and lance are the average result of 100 consecutive readings. Though boundaries of the lance cannot be detected in every image, the boundary of the raceway are easily detected. Then the lance can be located according to the corresponding position of the detected circle because the positions and shapes of the raceway and lance are relatively stationary. As a result, when the visual angle changes, the background template can be reconstructed automatically.
Segmentation of the Target Region
After the background template has been constructed, the next procedure is to extract the pulverized coal cloud and particles in the image. The biggest difficulty lies in segmenting the particles. First, the particles at different depths in the raceway shows different gray-levels and are not very clear. Their gray-levels are usually close to that of the edge of the pulverized coal cloud. Second, some particles are connected to the pulverized coal cloud and hard to be separated. Moreover, the particles have smears because they were moving in high speed when the images were captured. To obtain the accurate target region, several segmentation methods are employed and the results are shown in the Table 2 .
The maximum between-cluster variance (Otsu) algorithm 14) that uses a global threshold to divide the raceway image into two parts cannot extract the particles and complete region of the pulverized coal cloud. Though the fuzzy c-means (FCM) 15) and multistage iterative threshold (MIT) algorithm 16) can extract partial particles by dividing the image into three parts, the edge of the pulverized coal cloud and some parts of the particles are divided to another region. The results are obviously inaccurate. In addition, the segmentation results obtained by combining the above methods with linear enhancement are still unsatisfactory. The fundamental defect of these methods is that they are all based on the global segmentation and cannot recognize the local nonuniform distribution of gray-levels of particles and pulverized coal cloud. Hence we employed two local segmentation algorithms, Bernsen and Niblack algorithm. where m(x, y) is the mean gray-level of the pixels in the (2r + 1) × (2r + 1) neighborhood; σ(x, y) is the corresponding standard deviation; k is correction coefficient. The segmentation performance is largely determined by r and k. When r is in the range of 80-130 and k is in the range of 0.01-0.1, the segmentation performance is best through repeated trials. The r and k for different images are set to change adaptively in the two ranges with the changes of the standard deviation of gray-level of the pixels in the target region. In addition, the Gaussian high-pass filtering 17) is applied to enhance the edge of pulverized coal cloud and particles before the Niblack algorithm. Then the template is used to remove the background in binarization results. Due to the continuous changing of pulverized coal cloud and particles in the raceway, some disturbed regions are reserved near the edge of the template. Moreover, narrow connections between particles and other parts also exist. Thus the opening operation of mathematical morphology 8) is finally applied to eliminate these regions and obtain independent regions of pulverized coal cloud and particles. The results of the three methods are compared in Table 3 .
The largest region is just the pulverized coal cloud and the other small regions are considered as particles. We can find that all the three method perform well in segmenting the target region. But the paritcle extracted by the Niblack algorithm are usually smaller than the actual one. Applying linear enhancement can obtain more accurate paricle area but bring in more disturbed regions too. Though the combining of the Gaussian high-pass filtering and Niblack algorithm still cannot obtain the most accurate target region and fully remove the disturbed region at the same time, the results are better than the other methods and relatively accurate. Thus this method is finally used to extract pulver- ized coal cloud and particles in the raceway image. Several segmentation results using this method are shown in Fig. 8 .
Feature Extraction Results and Disscussions
Mass Flow of Pulverized Coal Injection
Through the image processing techniques, the number of the pixels of the pulverized coal cloud has been obtained. When the flow direction of the pulverized coal is stable, the mass flow of PCI can be estimated by the number to some extent. In this work, we propose a coal feature C v to characterize the mass flow of PCI. C v is the weighted number of the pixels in pulverized coal cloud. Each pixel in pulverized coal cloud is given a weight which is related to its gray-level. The weight is in the range of 0-1 and increases linearly with the decreasing of the gray-level. The gray-level 0 and 255 are corresponding to the maximum and minimum of the weight, respectively.
Massive raceway images captured from 15 raceways were used to evaluate the method proposed in this paper. The tuyere diameter of the 15 raceways are all 120 mm. The 15 raceways were numbered in sequence. During our experiment, the coal injection rate is 160 kg/thm. The variations of the coal features of No. 1 and No. 2 tuyeres in 1 200 seconds are shown in Fig. 9 . Each point in the figure is the average of consecutive readings in 10 seconds. We can find that the mass flow of PCI of the two tuyeres can fluctuate in a wide range at different time. The PCI is pulsing and unstable. This phenomenon should mainly result from the fluctuation of the amount of the coal injection. The pulverized coal is hard to be totally controlled and the branch pipes are usually blocked. Moreover, the in-furnace pressure change will also partly lead to the fluctuation of PCI. However, in general, the in-furnace pressure is relatively stable. The sharp rise after 550 seconds in Fig. 9 (a) implies that this branch pipe for PCI could well be blocked before the rise. The uneven variation of pulverized coal injection may lead to some sharp increases of the mass flow. It will decrease the coal combustion rate.
The distribution of average coal features of 15 tuyeres in 1 200 seconds is shown in Fig. 10 . The result demonstrates that there is considerable nonuniformity among the 15 tuyeres of this blast furnace during this period. The nonuniformity of PCI is harmful for the circumferential working condition of the blast furnace. The blast furnace will be abnormal if this condition exists in a long-term period. According to this distribution, the blockage of the branch pipe can be reflected sensitively and operators should adjust the operations. To make the PCI distribution more uniform, they should repair the blocked lances and decide whether to change the length or diameter of the lances. Moreover, they can adjust the parameters of the coal distributor. The variation of the pulverized coal flow can also be detected accurately. If this variation over time can be quite uniform after the adjustment, the coal combustion rate will also be increased.
Size Distribution of Particles
Although particles cannot be detected in each image and some particles can only be observed partly, we can reduce the errors through a large number of statistics. After regions of the particles have been obtained, we propose two ways to describe their sizes from two aspects. The first way is to use the width of the MER of the particle to represent the particle size.
18) The second way is to establish a recognition model using several dimension features and the SVM to characterize the size distribution of the particles. Dimension features are the input and particle size range is the output of the model. To verify whether the particles in the raceway image are cokes or not, the same kind of cokes charged in the 2 500 m 3 blast furnace were used to train the model. The accuracy of the model is mainly determined by shapes of cokes. In practice, the size of a coke will decrease and its shape will change when it drops to the raceway because many chemical and physical reactions have occurred on the cokes. But if the change of shape of each coke is completely random, the average shape of all the cokes can approximately be considered unchanged in a statistical sense.
First, we used the sifter to obtain the particle size of the cokes. Then we captured the particle images in a backlit system using the CCD cameras and extracted five dimension features using the above image processing techniques. The schematic of the backlit system is shown in Fig. 11 . The closed box is designed to avoid the influence of the outside light. The light source under the sample platform is to eliminate the shadow caused by the nonuniform light and also corresponding to the light direction of the raceway image.
The coal particles image taken in the backlit system and its binary image with MERs of each particle are shown in Fig. 12 . The actual size of the coke is calibrated by capturing the image of a ruler. 3 400 particles were used in this work and the particle size is divided into 6 ranges ( < 5, 5-10, 10-16, 16-25, 25-40, and > 40) . It can be found that these features are correlate with each other to some extent. There will be serious linear correlations among them which are not good for the establishment of the model. Principal component analysis (PCA) 19) is employed to compress the feature data and remove the outliers in the data. The significance in percentage represented by each principal component is shown in Fig. 13 . The first two principal components that possess cumulative 99.98% of total variations of the original feature data are chosen as the final inputs.
The SVM is a strict supervised learning system based on statistical learning theory and structural risk minimization principle. The basic idea is to find an optimal hyper-plane to separate the training data into two classes. 9) One SVM classifier can only obtain two classes. Therefore, the one against one with voting method 20) is used to classify the particles into 6 size ranges. For example, if there are three classes (A, B, and C), three classifiers will be trained for three groups ((A, B), (A, C), and (B, C) ). A test data point will be classified by all the three classifiers. If this point is recognized as class A by the classifier for (A, B), class A can receive a vote. Otherwise, class B will receive a vote. The final classification result of this point is the class with the most votes. If there are more than one classes that have the maximum votes in this work, the smallest size range of them will be chosen. 80% and 20% of the feature data vectors were randomly selected as the training set and test set, respectively. The success rates of the test sets in 10 trials is shown in Table 4 . The average success rate is 87.19%. The model that has the highest success rate is finally chosen.
The raceway with high temperature is very bright. The particles that can be observed in the raceway image should be quite close to the front end of the tuyere. The distance between the camera lens and the front end of the tuyere is longer than 4 m and the effect of the depth of the particle inside the raceway is relatively small. Thus the positions of particles extracted from raceway images are all considered at the front end of the tuyere. The actual diameter of the front end of the tuyere is known and its size in the image has also been obtained by circle detection. Thus the actual size of each pixel in the raceway image can be obtained and actual size of all the five features can be consequently obtained. Once the model has been well trained, we can use it to identify the size of the particles in the raceway image. The size distribution obtained by the model is listed in Table 5 . The average particle size is 19.40 mm. Moreover, the size distribution calculated by the width of the MER is listed in Table 6 . The average particle size is 17.46 mm.
The close distributions of the two ways can imply that the results are accurate. The average particle sizes are both close to the common size of the coke samples taken from the tuyere in other researches. [21] [22] [23] Moreover, the average size of cold iron ores is larger than these results obviously. The number of cold iron ores and droplets of iron and slags should be relatively small in theory. Thus we can consider that the particles observed in the raceway image are mainly composed of cokes. That is to say, through this method, the size distribution of cokes near the front end of the tuyere can be obtained real-timely. Thus further researches can be made because tuyere coke sampling cannot be conducted in real time. Correspondingly, the operators can adjust the operations by combining the research results of tuyere coke sampling with the real-time size distribution of cokes. Moreover, if a very large particle is detected or an anomalous peak of mass flow of PCI suddenly appears, it may be result from drop of the cold iron ore.
Conclusion
In this paper, image-based intelligent detection methods specific to the pulverized coal and particles in the raceway image are presented. The performances of various methods were tested using raceway images captured from a 2 500 m 3 blast furnace. The background template of the raceway can be accurately obtained by combining Hough transform with image enhancement. The regions of pulverized coal and particles can be best segmented by the merging of the Gaussian high-pass filtering, Niblack algorithm, and opening operation. The detection results of pulverized coal are capable of reflecting the variation of mass flow of PCI and circumferential distribution of average mass flow of PCI in real time. The size distribution of particles can also be accurately obtained by the SVM model and the width of the MER. The particles are mainly composed of cokes. These results will become the important reference for the operators and benefit practical control of the raceway. In summary, the detection methods proposed in this work are feasible and effective to reveal the working condition of the tyuere raceway.
